Evolution and cancer
Cancer is the current leading cause of human mortality in most countries worldwide [1] [2] [3] . Myocardial infarction caused by coronary atherosclerosis has been the leading cause of death in the UK for a long time, but it was replaced by cancer in 2014 [4] . This indicates that dissemination of knowledge and medical interventions have been successful (Ex. lower serum cholesterol, control of hypertension, treatment of diabetes, quit smoking, etc.). Additionally, there has been a dramatic advancement in cancer therapy over the past decade, including the development of various protein kinase inhibitors [5] and novel immunotherapeutics [6] [7] [8] . This was accomplished in response to the urgent need by society. However, this is causing unexpected problems, such as high medical expenses resulting from developmental costs [9] , disparity in distribution [10] , and sometimes the shortage of merits resulting from the prolonged lifetime per capita. These issues are partially based on the abnormal tumor vasculature [11] and the acquired resistance of cancer cells to these therapies [12] .
It is well established that cancer is a disease of genetic alterations, namely, mutations. Decades of extensive genetic analyses have revealed that there are~1,000 reported cancer-associated genes in humans (~250 oncogenes and~700 tumor suppressor genes). Comprehensive sequence analysis of~1 million tumor samples over the past decade identified > 2 million mutations in the coding region, > 6 million in the non-coding region, > 10,000 gene fusions,~61,000 gene rearrangements,~70,000 aberrant copy number segments in chromosomes and > 60 million abnormal expressions [13] . We can easily imagine that these results provide impossible complexity for the scientists to cope with. Recently, it was reported that noncoding mutations change tumor gene expression via global transcriptional networks [14, 15] . Alternatively, it may be much simpler to understand that cancer is a kind of metabolic disease where 1) aerobic glycolysis, 2) glutaminolysis, and 3) one-carbon metabolism are affected via the seemingly infinite number of mutations [1] . Thus, the key metabolites to initiate and sustain tumor growth, invasion and metastasis are called oncometabolites, represented by 2-hydroxyglutarate [16] . This novel research perspective is now expanding. Of note, all three of the metabolic pathways mentioned above are regulated by oxygen and iron metabolism either through Fe(II), heme or the Fe-S cluster [17] [18] [19] .
Carcinogenesis has often been compared to the evolution of species. Evolution from Escherichia coli to Homo sapiens required billions of years. In contrast, alterations from a normal cell to a cancer cell in an individual takes a few decades at the longest and can be extremely fast. There is a hypothesis that abundant ferrous iron in the ancient ocean was essential for the creation of life 3.7 billion years ago [20] . No life on earth can survive without iron, and mammals cannot survive without iron, oxygen and energy. It is thus no wonder that daily use of iron and oxygen is the primary cause of cancer [21] , which is modified by what are called carcinogenic agents. Indeed, excess iron is associated with a variety of human carcinogenesis processes [22] [23] [24] . Iron can be relatively in excess during aging due to the dramatic decrease in metabolic rate concomitant with no active pathway to dispose of iron [25] , whereas oxygen can become scarce with the advancement of atherosclerosis, which is closely associated with ferroptosis [26] or carcinogenesis (Fig. 1 ). I will revisit this issue later.
Mesothelioma and its cousins
Mesothelial cells are the target cells for malignant mesothelioma or simply mesothelioma. These cells are of mesodermal origin, originating as the surface cells of the mesodermal cleft generated~3 weeks after fertilization [27] . During embryogenesis, mesothelial cells start to function by producing lubricants for the movement of organs. Mesothelial cells cover somatic cavities, including pleural, pericardial and peritoneal cavities, secrete hyaluronic acid and demarcate each organ or each lobe of organs. Normal somatic cavities contain only a small amount of body fluids. Any substantially excess molecules, whether they are solid, liquid or gas, are phagocytosed by mesothelial cells or excreted via the lymphatic system, which is in direct continuity with the mesothelial linings. Here, the lymphatic direction is to the periphery in the pleural cavity due to the negative pressure in the pleural cavity and to the axial towards the thoracic duct in the peritoneal cavity [27] (Fig. 2) .
Mesothelioma is one of the rarer tumors. In Japan (~127 million population), we have~2000 new cases and > 1500 cases of mortality from mesothelioma each year (http://www.mhlw.go.jp/toukei/saikin/ hw/jinkou/tokusyu/chuuhisyu15/dl/chuuhisyu.pdf) in comparison tõ 112,000 and~74,000 cases, respectively, for lung cancer (https:// ganjoho.jp/data/reg_stat/statistics/brochure/2017/cancer_statistics_ 2017_fig_J.pdf). Notwithstanding its rarity, mesothelioma is a socially important cancer because it is closely associated with exposure to asbestos, which is a natural fibrous silicate mineral. Asbestos was used all over the world during the last century because of its industrial and economic merits. Because asbestos is a mineral (stone), it is resistant to heat, acid, alkaline and friction [28] . As early as the 1950s, epidemiologists suspected there was an association between asbestos exposure and mesothelioma/lung cancer [29, 30] , and IARC finally designated all asbestos as a Group 1 carcinogen in 1987 (http:// monographs.iarc.fr/ENG/Classification/). However, it took some time to ban all asbestos, even in developed countries, presumably due to its economic merits for industries and countries [31] . Japan banned all asbestos in 2006 [32] . Chrysotile (white asbestos) [28, 33] was the most problematic [34] , and Canada finally stopped mining chrysotile in 2012 (http://www.mining.com/canada-waves-au-revoir-to-asbestos-mining-20394/) and will ban all products containing asbestos by 2018 (https:// globalnews.ca/news/3128717/canada-to-ban-asbestos-by-2018/). Of note, the incubation period for mesothelioma after asbestos exposure is as long as 30-40 years, which apparently includes a period for the asbestos fibers to reach the pleural cavity after inhalation via the pulmonary alveoli and thus enter the peritoneal cavity [28, 35] .
It has been established from clinical observations that parietal but not visceral mesothelial cells are the targets in the case of pleural mesothelioma. However, this would be the opposite for peritoneal mesothelioma due to the difference in lymphatic flow (Fig. 2) . Asbestos exposure is still a problem in developing countries, including China, India, Russia, Brazil, Indonesia and Thailand [36, 37] . Old buildings built prior to legal restrictions contain asbestos as insulating material. Thus, in cases of earthquakes, tsunami and terrorist attacks, there is always the possibility of asbestos exposure to the people nearby.
A diagnosis of mesothelioma is made principally by pathologists based on biopsied or resected tissue specimens. Immunohistochemistry is an important diagnostic procedure for differential diagnosis from lung adenocarcinoma and metastatic adenocarcinoma originating from other organs [38] . There are three subtypes of mesothelioma, namely, epithelioid, sarcomatoid and biphasic, as well as other special histological types. Table 1 summarizes the core of the immunohistochemical analysis for the epithelioid subtype, which constitutes~80% of human mesothelioma cases. Recently, it was reported that BAP1 (described later in association with familial mesothelioma)-negative immunostaining is helpful for differentiation from other cancers [39, 40] as well as from reactive mesothelial cells [41] .
Regarding the cases of peritoneal mesothelioma, ovarian carcinoma (especially serous papillary adenocarcinoma) and non-gynecologic adenocarcinoma are two important categories that need to be differentiated for a correct diagnosis. Serous papillary carcinoma is derived from ovarian surface epithelium or fallopian tubal epithelial cells, so the original cells are quite similar in appearance to mesothelial cells but are usually positive for BAP1 [42] and estrogen receptor [38] . Peritoneal carcinoma is defined by both negative immunohistochemistry for mesothelioma/ovarian carcinoma and the exclusion of metastatic adenocarcinoma from other organs after precise investigation [43, 44] .
Familial mesothelioma
Familial cancer syndrome has been a subject of persistent interest for oncologists [45] . These cases have led to the discovery of many new tumor suppressor genes, starting from the initial studies of familial retinoblastoma. There have been no reports on familial mesothelioma for a long time, although its existence was suspected for decades [46] . This is probably due to the simultaneous and equivalent discovery of two risk factors involving both environmental and genetic risks, such as that seen for type 1 diabetes mellitus [47] .
For the first time in 2011, clear cases of familial mesothelioma were discovered in two US families. These findings resulted in the recognition of a novel tumor suppressor gene called BAP1. Germline mutations in BAP1 appeared to be involved in not only mesothelioma but also in other cancers, such as uveal melanoma [48] , renal cancer [49] , ovarian cancer, pancreatic cancer, skin cancer and some cases of prostate cancer [50] . Curiously enough, BAP1, BRCA1-associated protein 1, presented a link to a previously known tumor suppressor gene, BRCA1 [51, 52] . BRCA1 forms a repair enzyme complex for DNA double strand breaks [53, 54] , which are caused by asbestos fibers in mesothelial cells via the Fenton reaction [55] . Furthermore, BAP1 regulates the type 3 inositol-1,4,5-triphosphate receptor, modulating calcium release from the endoplasmic reticulum into the cytosol and mitochondria, leading to apoptosis [56] (Fig. 3) . It is now recognized that BAP1 inactivating mutations are also observed in sporadic cases of mesothelioma [57] , but there is some controversy as to whether this is frequent or not [58] . There is also interesting human data that germline BAP1 mutations induce a Warburg effect [59] .
Genomic alterations of mesothelioma
Genomic alterations in human mesothelioma have been analyzed since the 1990s [60, 61] and now include p16 INK4A /p15 INK4B tumor suppressors, the Hippo pathway (NF2, etc.) and BAP1 as major responsible mutations (Fig. 4) . The locus of p16 is one of the most important gatekeepers for genome security [62] , and it produces two different proteins by alternative splicing. One is an inhibitor of TP53-specific ubiquitin ligase, and the other is an inhibitor of cyclin-dependent kinase 4/6, which regulates the cell cycle (retinoblastoma pathway). Mutations in CUL1, another brake on the cell cycle, have recently been reported [63] . Of note, the p16 locus is homozygously deleted in the majority of mesothelioma cases (70% of epithelioid and biphasic subtypes; 90-100% of sarcomatoid subtypes) [38] , and thus, its evaluation is critically important in the correct pathological C, cytoplasmic; M, plasma membrane; N, nuclear. diagnosis [38, [64] [65] [66] [67] . The Hippo pathway is important for contact inhibition, organ size control [68] , and chemoresistance [69] . The pathway includes both tumor suppressors and oncogenes, among which the oncogenes are targetable for drug development [70] [71] [72] [73] [74] . The details of this pathway are reviewed elsewhere [75] .
BAP1 is a recently discovered tumor suppressor gene found upon analysis of familial mesothelioma as described above. Intriguingly, mesothelioma patients with germline BAP1 mutations have a 7-fold improved long-term survival, which might be a result of the increased frequency of medical follow-ups for this familial cancer syndrome [76] . Recently, mutational data from mesothelioma has become available by massively parallel sequencing, which revealed many more genetic alterations [63, 77] . However, the others appear to be minor in frequency.
Epigenetic changes of mesothelioma
Epigenetic changes are important for carcinogenesis in addition to the genomic alterations (mutations) [78, 79] . Recently, increased attention has been directed to the metabolic control of epigenetics [80] and miRNA [81] . Epigenetic alterations in human mesothelioma have been analyzed since the 2000s. The current consensus is that with the exception of the RASSF1A promoter of the RASSF1 gene, frequencies of aberrant methylation are significantly lower in mesothelioma than in lung adenocarcinoma and that the methylation index is higher in epithelioid subtypes than in sarcomatoid/biphasic subtypes [82, 83] . Thereafter, several comprehensive studies were performed to identify specific epigenetic profiles for mesothelioma. In particular, TMEM30B, KAZALD1 and MAPK13 were found to be specifically methylated on histone H3 lysine 27 with trimethylation, only found in mesothelioma in comparison to lung adenocarcinoma [84] . Other reports also documented DNA-methylation-mediated silencing of tumor suppressor genes in mesothelioma [85] .
Therapeutics
It is extremely difficult to find early-stage mesothelioma. This is because mesothelial cells are never exposed to the outer environment in a physiological condition and because the symptoms of mesothelioma are non-specific in the early stages, such as coughing and chest pain, making physicians and patients hesitant about further invasive but necessary examinations. If the pleural mesothelioma is localized and small enough, a complete cure would be possible with surgical excision. However, mesothelioma is diagnosed in most cases with effusion, resulting from massive dissemination into the somatic cavity. If advanced, the tumor is usually resistant to any therapy, and the median survival has been reported to be only 9.5 months in the UK [86] and 8 months in the US [87] .
Mesothelioma cells in human cases proliferate in anatomical locations that escape from control by complete resection. The mesothelium is not a solid organ but is instead a thin delicate tissue like the inner surface of a box. Normally, the structure supporting the pleural parietal mesothelium is loose connective tissue, adipocytes and striated muscles (intercostal muscle or diaphragm). This allows for easy invasion as well as dissemination of mesothelioma cells once mesothelioma acquires invasive characteristics. We can imagine that it is impossible to excise all tumors at an advanced stage. Previously, pleuropneumonectomy (resection of a unilateral lung and the chest wall structure within the rib cage) was recommended as a standard therapy, followed by radiation and/or chemotherapy [88] . However, due to the aggressive nature of the operation, which does not significantly extend the patient's survival, pleural tumorectomy is now recommended, with no intention of complete excision but only for mass reduction [89, 90] . Indeed, there is some criticism against any surgical resection [91] . Chemotherapy (antifolate and cisplatin) and/or radiation can also be used for treatment. Quite recently, novel immunotherapies directed against CTLA4 [92, 93] , PD-1/PD-L1 [93] and CD26 [94] and anti-methylation therapies (Ex. vorinostat; histone deacetylase inhibitor [95] ) are being tested in clinical trials or will soon be tested in clinical trials.
Pathogenesis of asbestos-induced mesothelioma
It is scientifically intriguing why natural fibrous minerals (stones) categorized as asbestos are carcinogenic to humans. It took a long time to understand the entire molecular mechanism, which has been recently elucidated for the most part. From the 1970s, size, dimension and indigestibility of the fibers have been considered critical for the carcinogenicity of asbestos [96] . Size is important to allow them to float in the air and to reach the pulmonary alveoli (3 nm to 5 µm in diameter) [97] . Dimension, indicated as an aspect ratio (fiber length/diameter) of > 3, is critical for the manipulation of these foreign materials by macrophages together with the length of the fiber and indigestibility (Fig. 5A) . Macrophages look like an amoeboid primitive cell but indeed are one of the most sophisticated inflammatory cells with a long lifetime of up to several decades, and they can recognize the identity of all sorts of molecules inside the body. In the pulmonary alveoli, asbestos fibers are recognized as foreign material and phagocytosed with an intention to digest them or carry them to the local lymph nodes for disposal [98, 99] . However, when the fibers are too long with a needlelike shape in comparison to the size of the macrophages, the macrophages phagocytose the fibers but then are broken up along with rupture of the plasma membrane and are killed. During these processes, macrophages become frustrated due to the fibers' indigestibility, and release a variety of reactive oxygen species (ROS), such as superoxide, H 2 O 2 and hydroxyl radicals, and cytokines [55] .
The important point here is that this process is repeated over and over until the fibers eventually reach the pleural cavity by piercing the visceral mesothelial cells. The driving force of this movement of asbestos is the negative pressure (−6~−8 cm H 2 O at inspiration and −2~−4 cm H 2 O at expiration) in the pleural cavity. The second process occurs after the fibers arrive in the pulmonary alveoli, which continues for as long as 30-40 years and explains the long incubation period (Fig. 5B) . If the exposure to asbestos fibers is too severe, it causes pulmonary asbestosis, which is a kind of pulmonary fibrosis caused by reactions to foreign materials [100] . This pathology can be fatal to the patients due to pulmonary dysfunction.
Here, asbestos fibers may play a role in a different fashion. Three different kinds of asbestos were commercially used, namely, chrysotile (white asbestos), crocidolite (blue asbestos) and amosite (brown asbestos). The latter two, crocidolite and amosite, contain iron as a content of the fiber itself (~30%), but chrysotile does not contain iron. The latter two are more rigid and straight, providing them with a higher penetration force. Despite these differences, all three asbestos fibers adsorb specific proteins on their surface. My laboratory has performed a comprehensive analysis and identified that the major important proteins that are adsorbed are hemoglobin, histones (2 A, 2B, 3 and 4) and actin, which were common to all the three asbestos types [101] . Furthermore, asbestos fibers, especially chrysotile, cause massive hemolysis [101] . In this way, asbestos fibers in the lung collect iron from the surrounding environment, such as dead macrophages and disrupted red blood cells, for decades [101, 102] . Asbestos bodies have been recognized by pathologists for the last half century and are indeed evidence of the presence of this process (Fig. 5C ) [33, 103] . The third process occurs in the somatic cavity, where the target cells of this carcinogenesis are present. This depends strongly on the specific characteristics of mesothelial cells to keep the somatic cavity as clean as possible for the movement of the organs inside. Mesothelial cells are phagocytic cells, and they thus phagocytose asbestos fibers [55] . As described above, asbestos fibers have a high affinity for histones, which carry asbestos fibers to the nucleus, where the asbestos fibers induce oxidative damage to genomic DNA [55, 101] . Increases in DNA double strand breaks and oxidative base modifications, such as 8-oxoguanine, have been reported, where iron-catalyzed Fenton reactions are the common background [55] . I believe that this is the major molecular mechanism for the initiation of asbestos-induced mesothelial carcinogenesis. At the same time, mesothelial cells and the surrounding environment are charged with excess iron, which may be associated with the promotional process. An abundance of adipocytes nearby appears to promote mesothelial carcinogenesis through the secretion of proinflammatory adipokines, such as monocyte chemoattractant protein-1 (MCP-1) [104] (Fig. 5D) .
Recently, the concept of ferroptosis has been established [24, 26, 105] . This is a regulated necrosis that is dependent on catalytic ferrous iron followed by lipid peroxidation. Many triggering molecules are known, including those that inhibit cystine/glutamate antiporter or GSH peroxidase 4. Iron is an essential nutrient for cellular proliferation and function, but excess iron is associated with carcinogenesis [21] [22] [23] 106] . I have proposed that carcinogenesis is a process to establish iron addiction with ferroptosis resistance [24, 106] . I believe that asbestos-induced mesothelial carcinogenesis is a typical iron-induced carcinogenesis. In wild-type rats, it takes only 1 and a half years to obtain peritoneal mesothelioma after intraperitoneal injection of 10 mg of asbestos [107] . Here, the genomic alterations in an asbestosinduced rat mesothelioma model reveal high similarity to those in rat renal cell carcinoma induced by repeated Fenton reactions as well as those in human mesothelioma [108] , where homozygous deletion of the p16 INK4A tumor suppressor gene is the most characteristic alteration [107] .
As for the other minor asbestos types, tremolite was found to be highly carcinogenic in wild-type rats after intraperitoneal injection, whereas the carcinogenicity of anthophyllite was low in respect to the standard samples used in our experiments [109] .
In this review, I will not describe possible etiologic factors for mesothelioma other than asbestos, which include radiation, non-asbestos fibers, SV40 and genetic factors. I have already discussed the genetic factors in regard to familial mesothelioma and will discuss other fibrous nanomaterials in the next section. For a discussion of other risk factors, please refer to other reviews [33, 110] .
Fibrous nanomaterials and mesothelioma
Humans have thus far invented countless items to increase the quality of our life. In the present day, most of us cannot live without smart phones, which profoundly depend on large volume batteries. Carbon nanotubes were discovered by Sumio Iijima in 1991 by electron microscopy [111] , which have been used for this purpose. This is an artificially produced nanotube, consisting only of carbon atoms, whose diameter is several nm to several hundred nm. When a tube is lined with a single layer of carbon atoms, it is called a single wall carbon nanotube (SWCNT). When a tube is multilayered, it is called a multiwall carbon nanotube (MWCNT). Carbon nanotubes are useful to extend the capacity of a battery to store more electrons. They are also used as a material in liquid crystal films [112] .
Starting in the 2000s, it has been recognized that the dimensions of the MWCNTs are quite similar to that of asbestos, and there was an expression of concern about the mesothelial carcinogenicity of MWCNTs [113] . Indeed, MWCNTs of~50 nm diameter were found to be carcinogenic in rodents, including p53 +/-mice [114, 115] and wildtype rats [116, 117] . Of note, these cases of rat mesothelioma revealed a high incidence (> 90%) of homozygous deletion of the p16 INK4A tumor suppressor gene, which was similar to asbestos-induced carcinogenesis [116] . The diameter of the fiber is thought to be a critical factor because the diameter defines the rigidity of MWCNTs. In brief, rigid and straight MWCNT fibers of~50 nm diameter can pierce the plasma membrane of mesothelial cells, whereas thinner SWCNT/MWCNT fibers become tangled and do not enter mesothelial cells; thicker MWCNTs also do not penetrate the plasma membrane of mesothelial cells. These observations in cell culture studies and subacute experiments of intraperitoneal injection of rats are intimately associated with the mesothelial carcinogenesis results [116] . Therefore, subacute studies are quite useful to evaluate the mesothelial carcinogenicity of carbon nanotubes or other fibrous materials [118] . This is because the intense black color of nanomaterials sometimes hinders cytotoxicity Table 2 . Please note that there is thus far no report on industrial fibrous nanomaterial-induced mesothelial carcinogenesis in humans.
assays. Indeed, we have confirmed that thin tangled MWCNTs do not induce mesothelial carcinogenesis in rats after observation over their entire lifetime [119] . Based on these results, MWCNTs of~50 nmdiameter were designated a Group 2B carcinogen by IARC [120] . Of note, CNTs have a high affinity for hemoglobin, histones and actin, similar to asbestos, but additionally also for transferrin, the only iron transporting protein in circulation [121] . These results suggest that excess iron is also a key pathogenic mechanism in MWCNT-induced mesothelial carcinogenesis in rodents. This is further confirmed by the fact that the most common genomic alteration is homozygous deletion of p16 INK4A tumor suppressors [116] , which is frequently observed in rat renal cell carcinoma induced by repeated Fenton reactions as well as in rat asbestos-induced and human mesotheliomas [107, 108, 122, 123] . Surprisingly, neutrophils do not respond to CNTs, but macrophages do [124] . This negative result is a demonstration that neutrophils are not necessary for fiber-induced mesothelial carcinogenesis.
Here, I would like to stress that there is no report on CNT-induced mesothelial carcinogenesis in humans thus far. Currently, I believe that these synthetic fibers are used with extreme care, and I hope that no tragedy similar to the case of asbestos will be repeated. Furthermore, currently used CNTs are in the solid phase, such as in batteries or in liquid crystal films, so they are not currently harmful to the general consumers, but they might be harmful to workers directly exposed to the pristine CNTs. The companies dealing with nanomaterials are now aware of the toxicity/carcinogenicity information of their products.
Prevention of mesothelioma
An extremely long incubation period of 30-40 years is a characteristic of asbestos-induced mesothelial carcinogenesis in humans exposed via the airway [28, 33] . Based on recent investigations, there have been great advances in the understanding of the entire mechanism of asbestos-induced mesothelial carcinogenesis as described above. It consists of four independent processes: A) the fibers reach the pulmonary alveoli and are phagocytosed by macrophages; B) the fibers go through the pulmonary parenchyma to reach the somatic cavity by killing macrophages and C) collecting iron on their surface; and D) carcinogenesis of parietal mesothelial cells concomitant with phagocytosis of iron-coated fibers occurs, which is promoted by adipocytes (Fig. 5A-D) . There are possibilities for mesothelioma prevention during each process. For processes C and D, a rat model has been quite helpful in showing that asbestos requires direct exposure to mesothelial cells, and it takes just one and a half years to cause mesothelioma with genetic alterations similar to human cases [107] . Here, I describe possible approaches to the prevention of both asbestos-and CNT-induced mesothelial carcinogenesis.
There are corresponding prevention strategies possible for each process, at least theoretically (Table 2) . For the first process, avoiding exposure is the primary prevention, and the use of robots/artificial intelligence may be one possibility for the dangerous work of being exposed to asbestos or CNTs in the factory. Of course, avoiding the use of carcinogenic CNTs is important. Thus far, it has been reported that some of the pristine MWCNTs are carcinogenic in rodents [117] . Much can be done to modify these fibers. Thin (< 15 nm) or thicker fibers are safer, and various modifications can make the fibers safer [125] [126] [127] .
For the second and third processes, I believe that what we can do is decrease the iron stores in our body. At present it is impossible to clean the lung systemically. Especially in the lung, the concept of exposomes [128, 129] is important. Our lung accumulates foreign substances if they are not caught in the upper respiratory tract or if they are small enough to be carried to the regional lymph nodes [97] . By decreasing the iron stores either by redox-inactive iron chelators or phlebotomy, we may be able to decrease the iron content of alveolar macrophages, which may eventually reduce the iron load on the surfaces of the asbestos or CNT fibers [130] .
For the fourth process, our laboratory has thus far performed three distinct strategies by the use of a rat model. In this model, asbestos fiber was injected intraperitoneally into wild-type rats, and they were observed for a month (subacute study) or for two years (carcinogenesis study). First, we systemically used a redox-inactive iron chelator, deferasirox, as a preventive agent. While this procedure did not change the survival (after 10 mg asbestos injection), it significantly increased the fraction of less aggressive histological subtypes (epithelioid subtypes in comparison to the sarcomatoid subtype) [131] . Here, we had to consider possible side effects of renal toxicity as well as the high medical cost for human use.
The second approach is the intraperitoneal use of a redox-inactive iron chelator, desferal, which was used in a subacute study. Indeed, it worked well to decrease peritoneal inflammation and oxidative stress [132] . However, in this case, the procedure itself is invasive (intraperitoneal or intrapleural injection). This may be applicable in clinical situations of humans, such as at the time of tumor biopsy or aspiration of fluids from the somatic cavity.
The third approach is most likely to be acceptable for application to humans, namely, phlebotomy once a month. In rats, phlebotomy had to be performed weekly to obtain similar effects by phlebotomy because their average lifetime of red blood cells is much shorter than that of humans. This procedure worked to significantly extend their survival and to decrease the fraction of more aggressive histological subtypes [133] . Thus, phlebotomy can be a realistic preventive strategy in that this procedure is established as blood donation or phlebotomy for chronic active viral hepatitis [134] with a very low incidence of side effects. Although this procedure definitely prevented the fourth process in the rat model, I think that we should expect an additional merit of preventing the third process as described above.
During the carcinogenic process of asbestos-induced mesothelioma, inflammation is also important as a promotion process. Aspirin is a generic anti-inflammatory drug, which is helpful for the prevention of asbestos-induced mesothelioma in an animal model [135, 136] . Currently, a clinical trial in humans is under consideration, but of course we have to be careful of the side effects, such as gastrointestinal and cerebral hemorrhage, because aspirin inhibits the function of platelets A-D correspond to Fig. 5 . Note that some of these are supported by preclinical evidence whereas others are still hypothetical.
for hemostasis [137, 138] .
Hypothetical novel therapy of mesothelioma
Many clinical trials including immunotherapies and new kinase inhibitors for treating mesothelioma in humans are currently being conducted (338 listed on May 14, 2018 at ClinicalTrials.gov). Based on an animal study, we found high expression of connective tissue growth factor (CTGF) in mesothelioma, especially in the sarcomatoid subtype [139] . CTGF was indeed associated with the malignant character of the mesothelioma. Recently, we have shown in a preclinical study that an anti-CTGF monoclonal antibody is useful as an addition to the current guideline recommended therapy [140] . Now, we are aware that an iron excess environment is a rich environment for carcinogenesis to provide a state of iron addiction with ferroptosis-resistance [21, 24, 26] . This is indeed true for asbestos-induced mesothelial carcinogenesis as described in this review article. Of note, many cancer cells reveal a condition of higher oxidative stress in comparison to non-tumorous cell of the same type [141] . Accordingly, we thought that we may be able to kill the cancer cells if we loaded them with more oxidative stress directed only to the cancer cells. For this purpose, we used non-thermal plasma (NTP), a 4th state of matter, with an energy higher than solid, liquid and gas [106, 142, 143] . These are collaborative efforts between engineering and medical scientists. This apparently contradictory physical condition of ionized high-energy but near body temperature has been made possible since the 2000s, and recently it was established that exposure to NTP provides oxidative stress only in the targeted locations [144] [145] [146] . Indeed, mesothelioma cells are susceptible to NTP, a process that is iron-dependent (Fig. 6) . During the tumoricidal process we observed autophagy, promotion of endocytosis and lysosome biogenesis, leading to a marked increase in cytoplasmic catalytic Fe(II) (mainly lysosomal with some mitochondrial and cytosolic localization) [147] . There is a possibility that the ferritin core has been destroyed to give rise to Fe(III), which is reduced by electrons to Fe(II) [148] . NTP is currently considered for clinical use in the promotion of wound healing and disinfection [149] . Alternatively, NTP may be a novel method to kill residual mesothelioma cells with local exposure at the time of operation and for other cancers [150] [151] [152] in the future.
At last, we should also consider taking advantage of resistance to redox active labile iron in malignant mesothelioma using treatment with pharmacological ascorbate combined with chemotherapy which has been recently shown to have selective anticancer effects in established models of solid human cancers [153] [154] [155] [156] [157] .
Conclusion
Mesothelioma is a relatively rare cancer, but it is socially important regarding the exposure to asbestos, which may be preventable. The occurrence of mesothelioma, which requires a long incubation period during carcinogenesis, is still increasing because of the worldwide prolongation of lifetime [158] . There have been many advances in the recognition of genetic and epigenetic alterations in mesothelioma, and importantly the carcinogenic molecular mechanisms have been made clear, where local iron overload causes iron addiction and ferroptosisresistance in the mesothelial cells via genomic and epigenetic alterations. There are many possibilities for intervention for prevention and therapy. We have to remember that certain synthetic fibrous nanomaterials, such as MWCNTs of~50 nm diameter, may have the same capacity for mesothelial carcinogenesis, to which we need to pay persistent attention as scientists. Lastly, these fibrous materials when inhaled show significant promotional impacts on lung carcinogenesis [33] , but they were not discussed in the current review due to the space limitation. Fig. 6 . Principle of the use of non-thermal plasma as a novel cancer therapy. Refer to text for details.
